Field studies indicate that natural phytoplankton populations may release very signi¢cant amounts (204 0%) of newly assimilated dissolved inorganic nitrogen (DIN) as dissolved organic nitrogen (DON). In laboratory cultures, however, it is usually possible to account for at least 90% of nitrogen added to the system as DIN plus cell nitrogen. Here we show that the bulk of the missing nitrogen may be accounted for as dissolved free and dissolved combined amino acids. In cultures (which usually have a biomass density at least an order of magnitude greater than is present in o¡shore waters), the contribution of DON to system nitrogen thus appears to be minor. It is proposed that this di¡erence may be explained if the levels of DON represent equilibrium between release^leakage and transport back into the algae. It is demonstrated, using a dynamic model of algal nitrogen physiology, that this mechanism can explain both laboratory and ¢eld observations. Simulations of incubations with DI 15 N reproduce the reported levels of loss in ¢eld incubations. However, because of isotope disequilibria between system components the 15 N protocol may signi¢cantly overestimate the net loss of nitrogen from the algal cells. The arguments apply equally to studies of bacterial production of DON and to questions concerning the release of other dissolved organics by healthy phytoplankton. The signi¢cance of dynamic equilibria between the organisms and the medium may be missed in laboratory studies conducted with high biomass cultures.
INTRODUCTION
Marine primary production contributes 40% of global carbon ¢xation (Falkowski 1994) . The proportion and absolute amount of production associated with the export of carbon from the atmosphere into the deep ocean is often estimated by the relative rates of assimilation of new' and regenerated dissolved inorganic nitrogen (DIN as nitrate and ammonium, respectively; Dugdale & Goering 1967) using 15 N substrates. One of the longest running debates in marine ecology concerns the extent of the release of organics by healthy marine phytoplankton (Sharp 1977) . A signi¢cant net loss of organics from phytoplankton would enhance bacterial production, e¡ec-tively shifting the fate of primary production away from the export processes. As bacteria not only contribute to the use and production of dissolved organic nitrogen (DON), but to the use of DIN (Wheeler & Kirchman 1986; Kirchman 1994) , understanding the fate of DI 15 N added during ¢eld experiments has become increasingly important Slawyk & Raimbault 1995; PujoPay et al. 1997) . Other sources of DON may include predatory activity and cell lysis at death. Here we are only concerned with the activity of healthy cells.
It has been claimed that as much as 40% of DI 15 N entering the phytoplankton may be released as DO 15 N Bronk et al. 1994) . Even accepting that not all the organisms may have been healthy, these estimates from natural phytoplankton communities are greatly at odds with results from laboratory studies obtained using standard elemental and nutrient analyses. Typically, DIN plus particulate organic nitrogen (PON) remains constant AE 5% during culture growth (e.g. Flynn et al. 1993) . Indeed, PON may be estimated by mass balance in cultures (i.e. PON system nitrogen À DIN; e.g. Harrison et al. 1989) . Further, the concentrations of components of DON, such as dissolved free amino acids (DFAAs), though higher, are not too dissimilar to those found in nature and are certainly not in proportion with the much higher biomass levels in cultures (Flynn & Butler 1986; Flynn 1990) .
The nature of the mechanisms for DON release from healthy cells and any resultant advantages for the organisms are not clear. What we do know is that phytoplankton are capable of taking up a wide range of organics, from amino acids to vitamins and no doubt some material of higher molecular weight (Admiraal et al. 1984; Lu & Stephens 1984; Flynn & Butler 1986; Flynn 1990; Antia et al. 1991; Bronk & Glibert 1993; Berg et al. 1997) . It is logical to propose that the amount of DON in the environment represents a dynamic equilibrium between release and uptake, not only by bacteria (Middelboe et al. 1995) but also by the activity of the phytoplankton (Flynn & Butler 1986) .
The aims of this paper are, ¢rst, to consider the nitrogen mass balance for cultures grown at biomass levels equating to high coastal levels (40^60 mmol N l À1 ). This included measurements of DFAAs and, for the ¢rst time, dissolved combined amino acids (DCAAs) and would thus account for all DON composed of primary amines (including most nitrogen in peptides and proteins). Second, the consequences of the operation of a dynamic equilibrium between release and recovery are explored as a function of biomass. This was considered using a model of algal nitrogen physiology that also enabled the implications for 15 N incubations to be considered.
MATERIAL AND METHODS

(a) Experimental
The diatom Thalasiossira pseudonana (CCAP 1409, Dunsta¡-nage Marine Laboratory, Oban, UK), raphidophyte Heterosigma carterae (HA1V, Instituto Espan¬ ol de Oceanograf |¨a, Vigo, Spain), and prasinophyte Mantoniella squamata (CCAP 1965/1), were grown in batch culture using ammonium (40^60 mM) in arti¢-cial seawater (Harrison et al. 1980) . Phosphate was supplied at either 1 or 10 mM for low-phosphorus or high-phosphorus cultures, respectively. The N:P ratio in the low-phosphorus media results in a level of phosphorus stress in addition to nitrogen stress at stationary phase. Cultures were grown at 18 8C in a 12 L: 12 D cycle of 100 mmol m À2 s À1 (cool white £uorescent lamps) at the £ask surface, shaken each day and had no aeration. At early stationary phase (typically 12 mg C l À1 ), 10% (v/ v) of the suspension was used to start the next batch by inoculation into fresh medium. Experiments were duplicated or triplicated with good reproducibility. The maximum carbon-speci¢c growth rates in these cultures were 0.9 d À1 for the diatom and 0.65 and 0.5 d À1 for H. carterae and M. squamata, respectively. Samples were withdrawn every day via siphon tube. DFAAs and DCAAs were measured by HPLC using the method of after the DCAA samples had ¢rst been subjected to acid hydrolysis (Keil & Kirchman 1991) . Cell numbers and biovolume were determined in triplicate by an Elzone 282PC analyser, particulate carbon and nitrogen in duplicate by elemental analysis (Europa RoboPrep) and ammonium in duplicate by an Alpkem RFA/2 microsegmented analyser.
(b) Model development
The ammonium^nitrate interaction model (ANIM; Flynn et al. 1997 ) is a dynamic mechanistic model of algal nitrogen metabolism describing the assimilation of nitrate and ammonium through glutamine to cell nitrogen. The maximum rates of ammonium and nitrate transport vary with nitrogen status and are described by parameters named, respectively, NH4Tq and NO3Tq (see also Flynn et al. 1999) . Various feedback regulations from the size of internal nutrient pools control the rates of nutrient transport and assimilation.
For this work, the ANIM was modi¢ed by rede¢ning the pool of glutamine (GLNP) as internal low molecular weight DON (InDONP). The maximum size of this pool was set at 0.03 g N g À1 C (ca. 850 mM) to match a typical cell content (cf. Flynn 1990). Ammonium and nitrate transports were now controlled by the size of InDONP, rather than by GLNP as in the ANIM. Transport of DON into InDONP was made a hyperbolic function of the concentration of DON. The half saturation constant for transport of DON was set at 1 mM (cf. ) and the maximum transport rate set at 10% of NH4Tq, the maximum rate of ammonium transport (cf. Syrett et al. 1986 ). The control of release is problematical because of our ignorance of the operating processes and the possibility that release of some forms of DON may be more important under di¡erent nutritional states. Eddy (1982) discussed the interaction between transport and leakage of compounds through the same porter; if this is a major route of DON loss (and it must be a route) then it follows that e¥ux will be a hyperbolic function of the internal substrate concentration. Here we made release a hyperbolic function of InDONP with a maximum rate of 5% of NH4Tq. The overall response of the model, the residual level of DON outside the cells and the maximum gross release rates of DON (in the region of 25% of incoming DIN; cf. Bronk et al. 1994) are of the correct magnitude. A parallel model was constructed to enable the £ow of 15 N to be followed through the system, assuming no isotopic discrimination. The model was run to simulate, at di¡erent nutrient loadings (1, 10 and 100 mmol N l À1 ), steady-state growth under continuous light and the nitrogen-su¤cient phase of batch growth in a light:dark cycle. Simulations were also run of 15 N experiments performed during the latter stages of exponential growth of the batch system.
RESULTS
(a) Experimental
Low-and high-phosphorus cultures showed similar patterns (¢gure 1) except that growth in low-phosphorus media was slower for H. carterae. Carbon-speci¢c growth continued for several days after the ammonium was exhausted and the latter third of the time indicated in the plots in ¢gure 1 was spent in the stationary phase. There was no evidence that low-phosphorus cells, which were relatively more nitrogen replete, released more DON. Variability in PON measurements after exhaustion of the ammonium, which explains most of the error in the calculated line ¢tted through the system nitrogen (¢gure 1), re£ects sampling problems at low cell densities. If all system nitrogen is accounted for then this ¢tted line should be horizontal. There was only a signi¢cant failure to account for all system nitrogen for M. squamata in high-phosphorus (but not low-phosphorus) conditions (¢gure 1). This was at least in part due to adherence of cells onto the walls of the culture vessel, a common event in nitrogen-depleted cultures of prasinophytes (K. J. Flynn, unpublished data).
The total amount of DFAA nitrogen amounted to a few micromoles while the total of the combined and dissolved free amino acids (CDFAAs) amounted to up to 10% of system nitrogen for the £agellates. However, for the diatom Thalassiosira, the amounts of both DFAAs and CDFAAs increased gradually as cells passed into the stationary phase, eventually exceeding 20% of system nitrogen. The amount of DON did not rise in any culture in strict proportion with the increase in PON. Glutamate, serine, glycine and alanine (50^100 nM each) dominated the composition of DFAAs. Of the species used, H. carterae was not axenic; the ¢lters used had a rated pore size of 1 mm that would allow bacteria to pass and so contaminate the CDFAA fraction. The level of CDFAAs is thus, if anything, an overestimate for this £agellate.
(b) Simulations
Simulations of nitrogen-limited chemostat systems (¢gure 2) indicated that the concentration of nitrogen as DON was small for all systems (¢gure 2c). However, the proportion of system nitrogen as DON and the proportion of DIN taken up and released as DON were both inversely proportional to the level of system nitrogen (¢gure 2a and 2d ). In simulations of batch cultures, higher biomass systems attained higher residual levels of DON (¢gure 3a) but proportionately lower losses (¢gure 3b). In the lowest biomass system a greater period of time was spent with a signi¢cant net loss of DON to the medium (¢gure 3c).
The results from the simulated 15 N method failed to estimate the net loss of nitrogen from the cells correctly (¢gure 4). The margin and degree of error varied both with the biomass of the system and with the duration of the incubation (which a¡ected the degree of isotope disequilibrium). Generally, the net release was signi¢cantly overestimated for high and medium biomass systems. Release in the low biomass system could be of the correct order (depending on the duration of the incubation) but this was because the low biomass system was not at equilibrium with its environment at the time of testing, with the concentration of DON still rising during day 3 (¢gure 3a). Because of the dynamics of the system (time taken for the di¡erent internal and external pools to reach equilibrium) the rate of release as indicated by 15 N was usually also less than the real gross rate of release (¢gure 4, cf. ¢gure 3c).
DISCUSSION
The results of the experimental work are entirely consistent with those we have obtained in the past (e.g. Davidson et al. 1992; Flynn et al. 1993 ). When using axenic or non-axenic cultures of 5100 mmol N l À1 we account for 495% of system nitrogen as DIN + PON, while with the systems of ca. 50 mmol N l À1 described here we accounted for 80^90% of system nitrogen in these fractions (the balance as DON; ¢gure 1). These values match those predicted by the model. Thus, the amount of system nitrogen present as DON amounted to 55% in the 100 mmol N l À1 system (¢gure 3b) and the 10 mmol N l À1 system containing levels of DON (¢gure 3a) proportionately similar to those of CDFAAs in the experimental systems described earlier (ca. 10%; ¢gure 1). In the simulated very low biomass system (more typical of oceanic populations) the concentration of DON was lowest but the proportion of nitrogen as DON highest (attaining 20%; ¢gure 3), consistent with reports from ¢eld studies (e.g. Bronk et al. 1994) From our experiments the bulk of DON released appears to be CDFAAs (¢gure 1). If there was a more signi¢cant release of non-refractory organic nitrogen in dense cultures (i.e. in line with the value of system nitrogen) then one may expect a very signi¢cant growth of bacteria (in terms of biomass). This is not our experience with high biomass non-axenic algal cultures, either in batch or chemostat systems.
Experimental sampling and incubation protocols disturb or destroy cell aggregates, removing mucilage that may retain leaked organics close to the cell. This problem may be of particular importance in low biomass suspensions, where large volumes of suspension must be ¢ltered. Retention of mucilage with the PON, rather than being washed through into the DON fraction, depends on whether the shear stress during ¢ltration carries it through the ¢lter. However, PujoPay et al. (1997) reported that cell rupture could contribute little to the`loss' of 15 N label and experiments conducted by us (not shown) also indicated that the amount of DFAAs which leak during harsh ¢ltration protocols may add little to the external DON pool.
There are various direct and indirect forms of evidence for a dynamic equilibrium of organics from phytoplankton. The quantity and quality of DFAAs in new cultures rise rapidly to predictable levels, while additions of DFAAs are consumed down to similar levels (Flynn & Butler 1986; Flynn 1990; John & Flynn 1999) . The concentrations of organics such as free amino acids within algae are 10 5 or more greater than outside the cell (Flynn 1990) . As a consequence, some leakage may be expected, together with mechanisms to recover the organics. Only smaller uncharged forms of DON (such as glycine) may be expected to pass through the plasma membrane unaided (Raven 1980) . Leakage of others will occur through transport proteins (Eddy 1982) , as a function of the relative and absolute concentrations outside and inside the cell or, for larger molecules, perhaps through exocytosis. That a continual drain of energy may be required just to maintain a high constant internal concentration of low molecular weight metabolites suggests that the operation of porters is required simply to make good any leakage back through the porter (Eddy 1992) . In our experiments, DFAAs constituted say 25^50% of the DON (¢gure 1), so there can be little doubt that at least this proportion of DON can or does participate in a dynamic exchange. In at least some instances there may be a clear sequence of signi¢cant loss and recovery of DON (Collos et al. 1992 ) such as DFAAs (Flynn & Gallon 1990; Glibert & Bronk 1994). Other organics (e.g. siderophores, transport-binding proteins and vitamins; Trick et al. 1983; Davies & Leftley 1985; Hunter et al. 1997) are also released from algae and then recovered.
In the simulations of a batch system, while the net loss from the higher biomass systems declined rapidly as levels of DON rose, the loss from the low biomass system remained higher for longer (¢gure 3). The timing re£ects the combined loss of DON from all cells, raising the external level of DON to a point at which a net loss no longer occurs. This concept would also apply where compounds are released but not retrieved if the unidirectional release was a function of the external concentration. It could explain the`critical inoculum' problem encountered in culture work with certain species. Some cultures either do not grow or do so with a prolonged lag phase if only a small inoculum is used in subculturing work, perhaps because an inordinate amount of energy and materials are expended in balancing in£ux and e¥ux.
There are solid grounds to suspect that uptake and release are associated, at least for smaller compounds, through the bidirectional operation of porters (Eddy 1982) . The model, employing such a bidirectional mechanism, can reproduce the results of both ¢eld and laboratory studies based on a dynamic equilibrium of organics between the cells and the external medium. The simulations indicate that under certain conditions the proportion of nitrogen being taken up as DIN and released as DON may indeed be high. The implications of these results may be extended to the original concerns over the release of dissolved organic carbon (Fogg 1977; Sharp 1977) and apply equally to the whole retrieval of compounds or part thereof through the activity of external enzymes (Palenik & Morel 1990) .
However, it appears that 15 N assays may not give a reliable estimate of the net loss of DON (¢gure 4). Neither may they necessarily give good estimates of gross loss. Whether the assays yield results closer to net or gross loss depends on the duration of the assay and the dynamic equilibrium between the organism and its environment. The problems are exacerbated in longer incubations by external isotope dilution with nutrient regeneration and by processes such as surface adsorption of the organics (Bronk & Glibert 1991; Slawyk & Raimbault 1995) . Estimates of release rates should be considered as maximal and not necessarily indicative of net rates of loss from the phytoplankton to their environment. Of equal concern is the resultant underestimation of phytoplankton production.
These problems also apply to studies of bacterial production. Indeed, as bacteria rather than phytoplankton (Kirchman 1994 ) may use a signi¢cant proportion of 15 N ammonium, bacterial activity is likely to be just as important for the loss of 15 N from the DIN + PON fraction . Bacteria also release organics such as proteolytic enzymes and 15 N added as ammonium may be lost rapidly as DO 15 N (Middelboe et al. 1995) . In time this material will be recovered by microbes as the enzymes are degraded to DFAAs. On the other hand, however, the magnitude of the release of organics by algae will have been seriously underestimated by laboratory physiologists if the use of cultures of high biomass has minimized the impact of processes dependent on the establishment of equilibrium between the cells and their environment.
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